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Abstract
Following similar principles as regular diffusion vacuum pumps, an electrospray emit-
ter is set to produce a jet of charged particles that will drag air molecules out of a
volume. To be a feasible concept, the emitted particles should have enough nomen-
tum to make the colliding air particles being effectively removed from the volume.
Also the density of the droplets should be such that the mean free path of air molecules
to electrosprayed droplets is in the order of magnitude of the testing setup. A the-
oretical model is developed for estimating the pumping speed and the importance
of the conductivity of the working fluid is identified. Experimental results show an
interesting effect. as the pressure difference between two volumes separated by an
aperture, is reduced when an electrospray emitter is on.
It is showed that a single emitter is expected to have a very low pump capacity,
so an array of emitters is proposed as solution. This thesis also comments on the
applicability of powder compression molding for the fabrication of emitter arrays.
Powder compression molding consists in manufacturing the emitter array out of a
plastic - metallic powder feedstock. It consists on 4 steps: (1) Mixing of feedstock,
(2) Compression molding, (3) Debinding and (4) Sintering. Initial experiments on
compression molding are successful in reproducing arrays of micropillars.
Thesis Supervisor: Paulo C. Lozano
Title: H.N. Slater Associate Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
1.1 Vacuum Pumps
The ideal definition of vacuum is a volume that is empty, a space without matter[25].
This is though, not possible to achieve with current vacuum technology. The lowest
pressures that modern technology can achieve still have hundreds of particles per
cm 3 [25].
There are two regimes that can be identified and will depend on the pressure at
which the system is, continuous rcgiie and molecular regime. The first refers to the
situation when the density of particles is high enough, that the dominant interaction
is by collisions with other particles. The second is when the density is low enough
that particles are more likely to interact first with the walls of a vessel.
There are several applications for which vacuum technology can be used. Space
technology utilizes large chambers to simulate conditions in space, Metallurgy uses
vacuum to allow some metals like molybdenum to be molten and other applications
like sound or heat insulation illustrate the importance of the technology[12]. To
achieve vacuum on earth (known as artificial vacuum), under atmospheric conditions,
a device that removes gas molecules out of a volume is required, provided that the
volume is sealed and has no gas sources. This device is called a vacuum pump.
1.1.1 Principle of Operation
Vacuum pumps work by removing gas molecules out of a sealed volume. A represen-
tation of an ideal vacuum pump is an open area A on a chamber letting particles flow
out and no particles to flow in. The volumetric flow rate at which particles leave the
volume is known as the pumping speed, which is by definition,
0Q = (1.1)P
where, P is the pressure and e is the throughput., which is defined as the volume of
gas at a known pressure that passes a plane in a known time. In reality, vacuum pumps
have components that slow down the flow rate, and there are some gas molecules
that go back to the chamber. These effects can be characterized with the effective
conductance (C) of the vacuum system.
Characterization of a vacuum pump is a key step to the development of a vacuum
system. The most important parameter for characterizing vacuum pumps is calcu-
lating the pumping capacity. Sonic natural (ffects, like pumping due to a pressure
difference needs to be also characterized, so the effects can be separated. For example,
assuming molecular regime, if there are two volumes of air separated by an aperture
of area Aap, one at P1 and the other at P2, the pumping speed will be defined as[25],
Qa = 11.6Aap(l - P2 /P 1 ) (1.2)
To characterize the added pumping effects by a vacuum pump, there are several
methods to experimentally calculate the pumping speed. One of such methods, de-
scribed by O'Hanlon[23], relates the pressure rate of change, the volume of the vessel
and the pressure difference achieved by the pump,
dP 2  dP 1
Q =V dt dt (1.3)SP2 - P1
This method is convenient as it does not require specialized measuring setups and
instruments.
Depending on the mechanisms to remove the gas molecules, there are three dif-
ferent types of vacuum systems: (1) positive displacement pumps, (2) momentum
transfer pumps and (3) adsorption pumps.
1. Positive displacement pumps: These systems use the expansion of a volume to
generate a partial vacuum in a cavity attached to the vacuum chamber. The
pressure difference will push gas molecules to the cavity, which is then sealed
from the vacuum chamber. The gas in the cavity is expelled to the atmosphere
by compression. An example of this systems is the mechanical pump. This
vacuum pumps only work as roughing vacuum pumps.
2. Momentum transfer pumps: The mechanism is to give the gas a preferential
flow direction. This can be achieved by colliding gas imolecules with a surface
(eg. turbomolecular pumps) or drag the gas molecules using other particles (eg.
diffusion vacuum pumps).
3. Sorption pumps: These pumps will capture the gas molecules within them.
These systems do not exhaust to the atmosphere while generating the vacuum.
For example cryopumps use regeneration to exhaust all the captured gases.
1.1.2 Diffusion Vacuum Pumps
Overview and History of Development
W. Gaede in Germany 1915 was the first to introduce designs of diffusion vacuum
pumps. It was assumed that the pumping mechanism was the diffusion of the pumped
gas into the vapor stream that was subsequently removed by a mechanical pump. The
designs were inefficient and did not resemble modern devices[12].
Originally diffusion vacuum pumps used mercury, which had the disadvantage of
being toxic and the high vapor pressure. Modern day pumps use special oils with
very low vapor pressure.
Modern pumping systems have a combination of a mechanical pump and a diffu-
sion vacuum pump. The mechanical pump serves as a roughing pump and removes
about 99% of the air from the system[12].
Principle of Operation
Diffusion vacuum pumps work in principle by the momentum transfer of collisions of
gas molecules with a vapor stream. The vapor stream has high velocity and is the
product of boiling and expanding a working liquid. The basic dynamic cycle of the
working liquid has 3 stages[12], (1) The working liquid is heated to produce vapor, (2)
it is expanded through a nozzle at a high velocity and (3) it condensates and returns
as a liquid to the boiler. During this process, the pumped gas is entrained in the
high velocity jet. During the condensation stage, the gas is separated from the vapor
stream and is pumped out to atmosphere through a roughing pump. Figure 1-1 is an
schematic of a typical diffusion vacuuni pump.
Puep silet
Stages 
~
Coolant
Vapor jets
Vaporized
Oil
-- To rough pump
Heater
Figure 1-1: Schematic of a diffusion pump.
These pumps have the following characteristics[12],
* A very attractive characteristic of diffusion vacuum pumps is that they have
very few moving parts. The only thing moving are the vapor jets, which makes
diffusion vacuum pumps durable.
" These pumps cannot exhaust the gas molecules to atmospheric pressure, and
require a roughing vacuum pump to remove it from the system.
" The most important disadvantage and undesirable characteristic of a diffusion
pump is the possibility of backflow.
* Diffusion vacuum pumps can only operate on one orientation.
1.1.3 Scalability of High Vacuum Pumps
Turbomolecular Vacuum Pumps
Turbomolecular pumps are essentially axial flow compressors for rarified gases. A
group of rotor and stator stages are the parts that generate a pumping action. The
working principle of these pumps is the momentum transfer to particles that collide
with the inclined moving blades of the rotor. After collision, the particle is given a
preferential flow direction in the downstream direction. Turbomolecular pumps are
known for being very efficient but will wear down[12].
The problem with scaling this vacuum pumps is the speed at which the rotor
would need to spin in order to keep the vacuum capabilities of macroscale pumps.
This would add more wear to the bearings and it could be potentially catastrophic
due to the gyroscopic induced torque. Turbomolecular vacuum pumps are expensive,
an scaled one, with tighter tolerances would be even more expensive, likely then being
the most expensive part of the intended application.
Cryopumps
Cryopumps capture gas molecules by condensation on a cold surface. They work at
very low temperatures, for instance, down to 13K for typical vacuum pumps. This is
one of the simplest mechanisms for producing a pumping effect, but is not technically
easy to achieve. They require bulky compressors in order to get to those temperatures.
Scaling is then concluded to be not optimal for cryopumps.
Diffusion Vacuum pumps
As described previously, typical diffusion pumps work by entraining gas molecules
in vapor jets. A heater is required that will boil the working liquid and a cooling
circuit that will condense the vapor. Also, these pumps work only on one direction.
A modification of these characteristics needs to be implemented to allow scaling of
the pump.
Electrospray emitters are potentially an attractive solution for fabricating small
diffusion vacuum pumps. The simplicity of an electrospray source is the main reason.
Electrospray sources do not need to heat and condensate the working fluid as it stays
in liquid form all the time. Also, the range of fluids that can be electrosprayed is
wide, opening a lot of options for tailoring the electrospray phenomena to fit in an
optimum way the desired pumping requirements.
The fact that electrospray emitter can be done in the micron scale is also at-
tractive as it could be implemented in small sized vacuum pumps. Other properties
of electrospray emitters is that they can work in any direction, solving one of the
problems of diffusion vacuum pumps.
1.2 Application to Microsystems
Mass spectrometry is a technique to characterize the mass to charge ratio of particles.
It is typically used to determine the mass of ionized particles and so the elemental
composition of a certain material. They work by vaporizing the sample to be analyzed.
The gas is then ionized and through the application of electromagnetic fields, the
charged particles are separated by their charge to mass ratios.
One type of mass spectrometer is the two-dimensional quadrupole. It is basically
four hyperbolically shaped electrodes extended parallel to each other in a certain
direction[6]. The potentials of the electrodes are oscillating in such a way that a
particle is oscillating in the perpendicular plane. Only the particle with the selected
charge to mass ratio is kept between the electrodes, while the others are lost. The
particle is finally collected in the endplate and produces a signal.
A mechanical analogous would be a ball o mass m sitting on the saddle point of
a hyperbolic paraboloid. Any disturbance would make the ball fall, but if the surface
is spun over the z axis at a certain frequency, the ball will be prevented from falling.
A vacuum system would be then needed for this device to work. If the device is
not in the molecular regime, then particles external to the measurement (background
gas) would interfere. The device needs to work on a regile that molecules would first
interact with the collector plate or the electrodes than with another particle. This a
strong motivation for this research, as typically the bulkiest part of a spectrometer
is the vacuum system. The development of a micro vacuum pump could in theory,
allow the construction of portable mass spectrometers.
22
Chapter 2
Electrospray
Electrospray is the acceleration of charged species from a liquid using electric fields.
The methods, as well as the nature of the charged species varies and depends mostly
on the application of the electrospray source. Charged species, for instance, can be
droplets of liquid, ions or a mixture of both[19] and electrospray emitters can be
capillaries[15], externally wetted needles[20] or porous metal tips[17, 3]. Liquids also
vary, conductive liquids known as ionic liquids[7] or dielectric liquids like oil can be
electrosprayed. The surface from where the emission start does not necessarily needs
to be a conductor[24]. Choosing the right parameters and conditions for the intended
application is then very important in order to get the wanted behavior.
Electrospray Representation
Extractor
Electrospray Emitter
Emitted Species
Applied Potential
Figure 2-1: A typical capillary electrospray setup.
A typical electrospray setup will have two components, an emitter and an extrac-
tor. This components will be biased to a high potential difference. A schematic of a
generic electrospray setup is seen in Figure 2-1.
2.1 Electrospray History
The first related work was developed by Lord Rayleigh in 1882, when he estimated
the maximum amount of charge that a drop of a known radius can contain, known
as the Rayleigh limit[2]. In 1914, John Zeleny observed the formation of cone-like
structures and the emission of current from the surface of a liquid under strong
electric fields[29], being the first reported electrospray phenomenon. Later studies by
G.I. Taylor confirmed the observation and a physical nodel for the structure formed
at the liquid's surface was developed: A balance of forces between the surface tension
and the electrostatic pressure, known today as the Taylor Cone[281. This concept is
nowadays still very important for the comprehension of the basic physics behind the
electrospray phenomenon.
The electrospray effect was considered and intensively studied from 1960 to 1975
as an alternative to ion engines in the field of space propulsion[1]. The implemen-
tation was discouraged though, due to insulation and packaging problems related to
the high potentials needed for the charge to mass ratio of the droplets generated from
the technology of the time[221. The application of electrospray ionization for mass
spectrometry by John Fenn[8] in the late 1980's gave a new interest for electrospray
technology, effort that won him a Nobel Prize in Chemistry in 2002. Nowadays,
electrospray ionization technology is used in a wide variety of applications, for in-
stance, mass spectrometry[8], focused ion beam[30], space propulsion thrusters[17],
electrospinning[18] and the now proposed application on vacuum technology.
2.2 Basic Physics
The application of an electric field perpendicular to a conductor will cause charge
migration to its surface. If the material is a liquid, the charge accumulation on the
surface will deform it slightly. The protruding parts will then have a stronger electric
field, and so, more charge will concentrate there. From classical electrodynamics, the
traction pressure normal to a conductor materials surface is,
Eleo
Pn = , (2.1)2
where E, is the normal electric field and 6o is the vacuum permittivity. The
electric traction forces intensify in the protruding areas while being counteracted by
the surface tension of the liquid. This force is given, per unit area by,
F, = -/V -h with V h = + (2.2)
R1 R2
where -y is the liquids surface tension, n is a normal vector to the surface and R1
and R 2 are the local radii of curvature at a certain location. The liquid distortion
continues through the balance of electric with surface tension forces until finite re-
laxation times prevent further accumulation of charge near the sharpest edges and
material flow is induced.
2.2.1 Taylor Cone
For the particular case of a strong electric field applied to a liquid issuing from
the tip of a capillary, it has been observed since early experiments that the liquid
adopts a conical shape[28, 22]. The shape is similar to the Taylor Cone, often seen in
electrospray experiments. It is formed by the balance of two forces, the electric field
traction and the surface tension force.
The surface tension magnitude depends on the radius of curvature of the local
surface. For a conical structure, 1/R is zero along the generator. So the local radius
of curvature is the one relative to the cone axis, called Rc for future references. It can
The Tavlor Cone Taylor Cone Structure
r
lormal Electric Field Normal electric field
Rc
Electrospray Emitter
(a) (b)
Figure 2-2: Taylor Cone: (a) Schematic, and (b) Parameters.
be put in terms of the radial distance to the apex r, and the cone angle a, so from
Equation (2.2),
1s y cot a (2.3)
Re r
which combined with Equation (2.1) yields an expression for the normal electric
field at any distance from the apex of the Taylor Cone,
En= 2-y cot a (2.4)
2.2.2 Emitted Droplet Characteristics
Materials, including liquids used in electrospray applications have finite conductivities
K. A current is passing through the cone, which implies a flow rate is also present. Far
away from the apex the radial electric field is small compared to the normal electric
field so it is safe to assume a Taylor Cone is formed. If the radial electric field is on
the order of magnitude of the normal electric field, then the assumed force balance
shown in figure 2-2 does not hold. In fact this actually happens near the apex of the
cone, where in experiments it is observed as a jet.
The jet formed at the apex of a Taylor Cone then breaks up into droplets that
will at least maintain the same equilibrium between electrostatic and surface tension
-- - 11,11,111,1111, .......... .  ......................
forces,
-e1< (2.5)S"4eoR2  
- R'
;87 (JE,)1/2 R3/2. (2.6)
This is known as the Rayleigh limit, which is the largest amount of charge that
can be supported by a droplet of given radius Rd. If more charge is able to get in
the droplet, the electrostatic forces would dominate over the surface tension forces,
breaking the droplet in a coulombic explosion.
The charge to mass ratio can be related to the current I and flow rate Q as follows,
q I _KQq - with I = f (e) . (2.7)
m/p Q
The current I and the function f (e) are described in experiments and theory by
de la Mora[5]. f(e) is a function of the liquid permitivitty, typically 18-25 for e > 40.
These yields an equation for the droplet radius Rd that scales with the group r*,
( 6 ) 2/3 ** = Q ) 1/3
Rd = r* with r* ( eo ). (2.8)
f (e) K
2.2.3 Flow Rate and Stability Limits
The radius of the jet formed at the apex of a Taylor Cone is related to the droplet
radius as seen in Rayleigh's classical instability analysis[2]. It means that the jet
radius also depends on the group r* from Equation (2.8), which is related to the
flowrate Q and conductivity K. One way to represent this is using a non-dimensional
flowrate parameter 71,
(pKQ 1/2 (2.9)
YEEo )
The jet radius can then be decreased an so the charge to mass ratio increased
along with the parameter il. This has a lower limit, experimentally observed to be in
the order of 0.5[5]. A likely explanation is that it is the value at which the maximum
charge to mass ratio is reached for droplets. The upper limit has been observed to be
approximately 4[5], a point at which violent jet whipping occurs.
2.2.4 Emitted Beam Divergence
After a certain distance, the jet at the Taylor Cone apex will break up into droplets of
the mentioned size. Charged droplets will be then accelerated by the strong electric
field. The electric charge at each droplet will be on average of the same polarity in
all of them, causing a repelling force, which will cause a divergence on the emitted
beam. It is possible to approximate this divergence called the dispersion semi-angle,
assuming a jet that breaks into droplets at the Rayleigh limit,
/ 
= tan 
\ 
9 / (E) E72 
1/8
(87rV 2)1/2 KV3
The dispersion semi-angle az is important to compute, as it will-allow the calcu-
lation of the distance at which the emitter should be located to cover the entire exit
area of the pump (an orifice at a metallic plate). The most important problem to
avoid is having the emitter too far away as it could cause some electrosprayed liquid
to be intercepted by the extractor plate.
Chapter 3
Electrospray Emitters
Applicability For Diffusion Vacuum
Pumps
3.1 Mean Free Path of Air Molecules
The behavior and characteristics of an electrospray source will depend on the prop-
erties of the fluid that is being worked with. For our application a critical parameter
is the mean free path of air molecules in the electrosprayed droplets. The mean free
path is the average distance an air particle moves between collisions. It is described
by the following expression,
An = 1 (3.1)
where nd is the number density of electrosprayed droplets and ad is the collisional
cross section. For this application where air molecules are neutral, it is safe to assume
hard sphere collisions so the collisional cross section ends up being the area of a circle
with the droplet radius. The number density will depend on the residence time
and size of the droplets. Longer residence time and larger particles increment the
possibility of collision and so, the possibility of dragging a gas molecule out of the
volume. In conclusion, slow and large particles are the objective. The number of
particles per unit volume can be described by,
n - A (3.2)S R 3vd'
where A is the electrospray cross-sectional area, Vd is the droplet velocity, Q is the
flow rate and Rd the droplet radius as described in the previous chapter. The droplet
velocity, derived from energy conservation, depends on the electrospray extraction
voltage V and the charge to mass ratio of the droplet q/m,
Vd 2 V. (3.3)
m
The droplet charge to mass ratio can be approximated with the Rayleigh limit
for Coulombic explosions. It has been observed in several occasions that an accurate
value is in fact one half of the Rayleigh limit[2],
q - 3 .0' (3.4)
m pR3"2
The droplet radius Rd has been observed to depend on the jet structure formed
at the apex of a Taylor Cone. Approximately the droplet radius is 0.28 the r* group
in Equation (2.8)[5],
Rd =0.28 (EO . (3.5)
K
The flow rate Q is prescribed but it is not free of limits. As previously analyzed,
for an electrospray to be operating iii a stable mnode, the non-dimensional flow rate
parameter r/ must be at least 1 but lower than 4. Relating the flow rate with the
non-dimensional flow rate parameter we have.
Q = 0.(3.6)pK
Combining all the equations together, an expression for the mean free path that
depends on the working liquid properties is obtained,
A = 2.38 . (3.7)
67/12 5/ 6  12/3in2
3.2 Working Fluids
3.2.1 Fluid Properties
A wide range of liquids can be used to do electrospray, and the selection of a specific
liquid will depend on its particular application. An electrospray for a vacuum system,
for instance, will require a liquid that will not evaporate at the pressures the system
works on. This indicates that the vapor pressure of the liquid should be below a
certain value for a given pump capacity, to keep the same amount of background
pressure.
Other properties, from the previous analysis, are clearly affecting certain parame-
ters, i.e. the mean free path. An observation of Equation (3.7) shows that four liquid
properties are required to compute the mean free path of the air molecules in the
electrosprayed droplets. A strong dependance on the conductivity is observed, so it
is the first property to look at.
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Figure 3-1: The mean free path varying with the non-dimensional flow rate parameter.
It can be observed from Figure 3-1 how the mean free path is strongly related to
.......................
the conductivity, which could in theory act as control knob for the pumping capacity
of the electrospray diffusion vacuum pump. Doping with salts for example, can be a
method to easily control the conductivity of the working liquid.
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Figure 3-2: The mean free path varying with the voltage from 1kV to 5kV.
As discussed before, from Equation (3.7), it is noted that other properties and
parameters also affect the mean free path. For example the voltage, a parameter
that could also be used as a control knob. Although it could be easily set to any
desired value (provided the correct power supply) it only depends as the square root.
Figure 3-2 shows how the mean free path is modified due to voltage changes.
An desired optimal pumping effect done by the electrosprayed droplets, is expected
to happen when the mean free path of air molecules in electrospray droplets is in the
order of magnitude of the chamber length. A larger mean free path means that air
molecules can go through the electrospray beam without colliding with the droplets.
For example on a chamber that has characteristic lengths in the order of centimeters
(which is the experimental case), the desired parameters will be any that produces a
stable electrospray (1 < q < 4) and results in a mean free path below this amount.
.......... ........ ... 
3.3 Theoretical Pump Capacity
3.3.1 Single Emitter
The pump capacity of this particular vacuum pump depends on the amount of gas
molecules that can be removed from the volume where the emitter is by the elec-
trospray beam. This can be calculated from the collision frequency of gas molecules
with electrosprayed droplets, if assumed that any gas particle that collides with an
electrosprayed droplet is lost out of the volume. The collision frequency of one air
molecule with the electrosprayed droplets is given by,
fc= n&dVrel, (3.8)
where the product nd with 9d is the inverse of the mean free path A,. Note
that the collision frequency will inversely depend on the mean free path, which was
qualitatively predicted before. The velocity ve, is the relative velocity between the
electrosprayed particles and the gas molecules. The gas molecules have only the
velocity associated with their temperature, so it is assumed for small electrosprayed
droplets that generally Vd > va, and vrel =Vd. The larger the droplet, the slower it
is, this sets a limit for this assumption at,
q V 8k T2-V> 8 ,f (3.9)
m 7rm,
where m, is the mass of the gas particle, T is the temperature of the gas and k is
the Boltzmann constant. At room temperature Vair is approximately 500 m/s. With
this, a lower limit for the charge to mass ratio of the droplets is set as,
q > 4kT or q >125000 for air molecules (3.10)
m ,rmPV MP V
The number density of electrosprayed particles can be calculated from the emitted
current. This is an important dependance as experimentally it will allow to estimate
the amount of electrosprayed droplets. The current density is then defined as,
= qF with F = ndVd. (3.11)
Ae
The area Ae is the spherical section of the cone formed by the electrosprayed beam
of particles and F is the flux of electrosprayed particles. The product nd with Vd is
also found in Equation (3.8), then,
F = with Ae = 2irr2 (1 - cos a), (3.12)
qAeb
where rb is the distance from the emission site to any point in the emitted beam.
The charge q can be calculated as previously with half the Rayleigh limit,
q 47r Eo' R 3/, (3.13)
Combining Equation (3.8) with (3.12) and (3.13) yields,
f I R.14
* 8r (1 -cosa) v/' (3.14)
This is the collision frequency of one molecule of gas with electrosprayed droplets.
It is assumed that any gas molecule that collides with an electrosprayed droplet is
lost. Then, the collision frequency is describing the frequency at which one molecule
of gas would be carried out of the volume. In fact, there is more than one molecule
interacting with the electrosprayed droplets, and the total amount of gas molecules
that will be taken out of the volume will depend on the entire electrospray beam.
In order to get the total amount of particles interacting with the electrosprayed
droplets, integration is needed along the volume of the beam. The integration would
yield the volume of air molecules colliding with electrospray droplets, which with the
assumption made before is the volume of air leaving the volume, namely, the pumping
capacity. Figure 3-3 is a schematic of an electrosprayed beam and the integration
variables considered for the analysis.
The collision frequency is to be integrated in a volume that varies according to 0,
Emitted beam Electrospray emitter
Collector walls
L rb
Figure 3-3: Parameters for pumping speed calculation
# and rb in spherical coordinates. As the collision frequency only depends on rb, it
can be directly integrated from 0 to L,
QT - f fc r sin #dcpddr = jfc 27rr (1 - cos a) dr. (3.15)JT Jjf J Volr snoodd JL ,2
[I R/d I R
QT = dr = L. (3.16)
L 0V~ 0 o,
This is an expression for the theoretical pumping speed for an electrospray emitter
that emits a beam of current L It is very interesting that it is linear to the distance L
at which the emitter is separated from collector. Electrosprayed particle density drops
as a function of the distance, thus reducing the number of collisions. The drop of
number density can be seen in Equation (3.12), where it scales as 1/r2. The effective
area is also incrementing by r2. These two cancel out and gives a linear dependance
over the distance as seen in Equation (3.16).
It is acknowledged that this will not calculate the total pumping capacity, as the
effect of pumping beyond the point (L) at which droplets collide with the walls is
ignored. After that happens, the effective area remains constant at 2wr (1 - cos a)
but the droplet density falls as 1/r'. This relation to the inverse of the square is
........... .
expected to make the pumping effect decay after this point.
The radius Rd can be calculated from the electrospray jet radius in Equation (3.5),
yielding,
0.28I4/3 ) 1/3 (.7QT = L. (3.17)
4f/3K 1/3f (6)1/3 o
The pumping speed QT depends on the working fluids properties and the emitted
current. It is an expression to be used in computing the pumping speed from the
current.
The emitted current by an electrospray source can be estimated from Equa-
tion (2.7). It can be used to calculate the expected pumping speed provided only
the fluid properties. Combining Equations (3.17) and (2.7), yields an expression for
the pumping speed related only to the working fluid properties,
QT ( 028 2/3 1/3L. (3.18)
An important observation is that the sensitivity of the conductivity is lowered to
approximately one third in power. These calculations are done under the assumption
that all the collisions will remove gas molecules out of the volume. Some of the
collisions will not drag air particles out but just bounce them back to the volume.
This kind of collisions will indeed reduce the predicted flow rate, but the effect will
not change the electrospray nature nor the dependance with the other variables. To
account for it, a correction factor Cf in the flow rate QT is introduced, known in
vacuum technology applications as conductance,
QT = Cf 443 (p L. (3.19)
3.3.2 Multiple Emitters
An estimation of the performance of 1 emitter working at q = 3 and with a liquid
of conductivity of K = 1x10- 7 yields a pumping speed in the order of 10- 6 m 3/S.
Typical diffusion vacuum pumps have pumping speeds in the order of thousands of
liters per second (~ 1m3 /s) [25], which suggests that the pumping capacity should be
improved.
It can be observed from Equation (3.19) that the pumping capacity depends lin-
early from the distance L. One solution to improve the pumping capacity could be
to put the emitter far away. The problem is that the emitted beam diverges, so the
area would have to be increased as well, which would require an even faster pumping
speed.
Previous research in the space propulsion area has shown the possibility to produce
hundreds of emitters per square centimeter[4]. If the same density is fabricated, it
would increase the pumping capacity by 100 due to the addition of extra emitters,
and by 10 by increasing the distance into the centimeter order. This is in total 1000
times the reported pumping speed for a vacuum pump in the cm3 order.
A particular research in space propulsion, specifically for the Field Emission Elec-
trospray Propulsion (FEEP) thrusters, uses powder injection molding to produce
arrays of electrospray emitters[27]. The technique is characterized for producing any
pattern, provided the adequate mold, in a solid or porous metal form. The idea is
then to produce an array of hundreds of emitter tips using powder injection molding.
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Chapter 4
Experimental Setup
4.1 Design
The experimental setup is designed very similar to a diffusion vacuum pump. There
are basically two zones: the upstream low pressure zone and the downstream high
pressure zone connected to a roughing vacuum pump. The setup is intended to
measure the pressure difference produced by an electrospray emitter. To do it, a
fixture with two volumes was proposed, one containing the electrospray emitter and
another connected to a roughing vacuum pump. Each volume has an ionizing gauge to
accurately measure variations in pressure at any time. The two volumes are separated
by a metallic plate with an aperture in the center. Above the aperture and axially
aligned to the hole in the metallic plate the electrospray emitter is situated.
To start emission from an electrospray emitter, a potential difference is applied
between the emitter and an extraction plate. The potential difference extracts charged
species from the liquid surface at the tip of the emitter. For the setup, the metallic
plate separating the two volumes will act as an extraction plate. In later experiments
the extractor plate fixture is changed to an extractor loop. The liquid reaches the
tip of the emitter through a capillary from the exterior at atmospheric pressure. The
pressure difference of approximately 1 atmosphere is the driving force that pushes
the liquid to the desired location. The test fixture has then 5 key elements: the
vacuum chamber containing the volumes, the gauges, the extractor plate or loop, the
Working Viscosity Conductivity Surface Dielectric Density Vapor
Fluids [Pas] [Si/m] Tension Const. [kg/m 3] Pressure
[N/m] [Torr]
VPO 0.047 1x10 7  0.05 50 870 1X10-9
Formamide 0.0033 ~ 100x10-6 59.1x10-3  109.5 1133 80x10-3
Glycerol 0.95 0.08 62.5x10-3 42.5 1258 1X10-3
Table 4.1: Working liquid properties.
electrospray emitter and the liquid feedthrough.
4.1.1 Working Liquids
Mean free path and pumping speed models suggest that a low conductivity liquid
will have a good performance for an electrospray diffusion vacuum pump. Also, vapor
pressure has been identified as a very important property to prevent outgassing of the
liquid used for electrospraying. Three Liquids with low conductivity and low vapor
pressure were then chosen.
1. Vacuum pump oil (VPO)
2. Formamide
3. Nal doped glycerol
It is observed from Table 4.1 that generally all chosen liquids have a very low
conductivity K except for doped Glycerol. This was chosen to counteract its very
high viscosity and keep the non-dimensional flow rate within stable ranges.
Another important observation is that the vapor pressures of Formamide and
Doped Glycerol are very high compared to the background pressure intended while
operating the electrospray. If the fixture does not have a good roughing conductance,
vapors from the working fluid could increase the pressure up to near the vapor pressure
value of the liquid.
4.1.2 Components
Vacuum Chamber
The vacuum chamber in the setup was built using standard ConFlat flange hardware
for simplicity. It allows an easy connection to the gauges and roughing vacuum
pump hardware, guaranteeing practically no leaks between joints. It is composed
by a 2.75" 6 way ConFlat cross with 6 connections and a 2.75" ConFlat "T" with
three connections. The 6 way cross is connected to the "T", the electrical connection
feedthrough port, the liquid feedthrough port, a gauge and two viewports. The "T"
is connected to the 6 way cross, a gauge and the roughing vacuum pump hardware.
In the connection between the 6 way cross and the " T", the metallic plate with an
orifice in the center is placed. The 6 way cross is the volume where the electrospray
emitter is located. The position of the electrospray emitter is such that it is aligned
to the orifice and it is visible through the two viewports allowing observation of the
Taylor Cone and the emission characteristics of the emitter. A camera attached to a
microscope is placed outside the fixture, observing the emitter through the viewports.
OSUP 2To roughng
(a) (b)
Figure 4-1: The assembly: (a) Schematic of assembled setup, (b) Picture of assembled
setup.
The ConFlat "T" is the downstream volume and is connected to a roughing vac-
uum system which is MIT Space Propulsion Laboratory's MiniVAC. It is in itself a
vacuum chamber, with a mechanical vacuum pump and two turbomolecular vacuum
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pumps attached capable of reaching pressures in the order of 10 4 Torr. To prevent
damaging of the roughing system, a cold trap is placed between the electrospray dif-
fusion vacuum pump fixture and MiniVAC. The available cold trap is smaller than
the 2.75" ConFlat and it uses KF Flanges, so fittings are used. Having smaller tube
diameters and the use of the fittings reduces the pumping capacity of the system.
Gauges
A pair of ionizing gauges are connected to the fixture as previously described. The
gauges are the same brand and model, InstruTech, Inc. Hornet IGM-401, so it is
expected that gain, accuracy or errors on measurements be in the same order of
magnitude. The gauges are controlled through a software developed at Connecticut
Analytical Corporation, which saves and plots the measured pressure in time.
Figure 4-2: A picture of one of the gauges.
The working pressures for the gauges range from 10-2 Torr to 10-9 Torr which
sets the upper limit at which the experiments can by carried out. The lower limit is
not reachable with the pumping capacities of the roughing vacuum system attached
to the fixture.
Extractor Plate
The potential difference between extractor and the eitter iii an electrospray setup
produces the necessary electric field to form a Taylor cone and emit charged particles
as described in Chapter 3. The setup for the experiments performed, produces the
potential difference by biasing the emitter at high voltage. The extractor plate is
then electrically grounded, as well, as the whole fixture.
Figure 4-3: The extractor plate and the loop, emitter is shown aligned.
The extractor plate was originally designed to work also as the exit pumping area.
It is a simpler design but it limited the distance at which the emitter could be placed,
as putting the emitter further away for a fixed potential, the electric field is weaker.
A way to solve the problem is to increment the potential bias of the emitter. This
solution is not optimal as incrementing the potential to very high values could yield
in other problems, like insulation or arcing.
As seen in chapter 3, the pumping capacity depends greatly on the distance pa-
rameter L. In order to keep the electric field constant while varying the distance to
the plate, an extracting loop was added to the setup. The extracting loop is also
grounded, producing the intended potential difference and electric field. The new
setup allows to place the emitter and extractor at any desired distance L without
needing to increment the biasing potential to the emitter for longer distances L.
Electrospray Emitter
The electrospray emitter for the experiment is a metallic hollow needle of 200pm in
diameter biased to a high potential difference from the rest of the fixture. The high
voltage difference requires a good insulator to hold the emitter in place, aligned with
the extractor hole. A ceramic holder fabricated by Connecticut Analytical Corpora-
tion is set inside the fixture and holds by friction to the walls of the ConFlat 6 way
cross. The emitter also holds by friction to the ceramic piece assuring no contact
with the rest of the grounded parts.
Figure 4-4: The electrospray emitter with the ceramic holder.
The extractor loop used in later experiments, also holds to the ceramic piece. The
alignment of the extractor loop with the emitter is then implicit to the holder, which
means that once aligned, moving the holder will not change the alignment. The result
is freedom of movement of the emitter to any wanted position or direction.
With Equation (2.10) it is possible to calculate the dispersion semi-angle for the
selected working liquids. Assuming a 2000 V source we can estimate,
1. Vacuum pump oil: 800
2. Formamide: 60'
3. Glycerol: 150
Vacuum pump oil and formamide have a very large dispersion semi-angle, mainly
due to their very low conductivity, which means that the emitter should be located
very closely to the metallic plate. Glycerol has a higher conductivity and the angle
is smaller. The calculated optimal distance for a glycerol emitter is 3.4mm.
Feedthrough
To deliver the liquid to the emitter, a simple passive pressure difference feeding system
was designed. A container vented to atmosphere contains the working fluid. The con-
tainer is then connected to the emitter via a capillary that enters the fixture through
a high vacuum fitting. Inside the fixture a similar fitting connects the capillary to the
emitter. These fittings are meant to stop any air from entering the vacuum system
and assuring that the pressure drop of latm happens only from the container to the
tip of the needle. The pressure difference will then drive the liquid to the desired
position at the tip of the emitter.
(a) (b)
Figure 4-5: Feedthrough: (a) capillary, and (b) working fluid container.
The flow rate at which the liquid is delivered to the tip depends on the capillary
size and the fluid viscosity. It is observed from Table (4.1) that some liquids have a
high viscosity, i.e. glycerol, while others have low viscosity, i.e. formamide. For this
matter, two capillary sizes were chosen for the experiment: capillary sizes used are 1
m long,
* 150 um (For VPO and Glycerol)
* 50 um (For formamide)
4.2 Experiment Guideline
The experiment is designed to work on the molecular regime which means working
on pressures lower than 10-2 Torr[25]. The roughing system, which is meant to
keep the background pressure lower than this value, needs to be running before the
experiment is performed. The pressure difference between the emitter and the working
fluid container could start pumping liquid into the fixture before time. This is an
undesirable effect as an excess of liquid could potentially short the emitter with the
extractor loop or plate. To prevent it a secondary vacuum pump is connected to the
liquid container.
Once a stable background pressure below 10-2 Torr is achieved, the experiment
can be carried out. A potential difference is applied between the emitter and ex-
tractor before the liquid reaches the tip to ensure that any liquid that arrives will
be electrosprayed. After biasing the emitter to a high potential, the working fluid
container is vented, applying then a pressure difference of latm that will pump the
liquid to the tip.
The experimental guideline is summarized in 4 steps,
1. Pump down to rough pressures in the fixture and in the working fluid container.
2. Apply potential difference between emitter and extractor.
3. Vent working fluid container.
4. Wait for liquid to arrive to the tip and observe and measure.
Chapter 5
Experimental Results
5.1 System Characterization
The designed vacuum system works at a low background pressure using a rough
vacuum system connected through a series of fittings and a cold trap. It is designed
so the background pressure is lower than 10-2 Torr, but the exact pressure at which
the system stabilizes is unknown. The stabilization of pressures, meaning the lowest
pressure achievable with the roughing system alone, will happen when the flow rate
produced by the roughing vacuum system is equal to the degassing and leaks. To
characterize it, the system is left with only the roughing system on until the pressure
readings in both gauges remain constant.
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Figure 5-1: Pressure profiles with no electrospray effect.
Further characterization of the fixture can yield in an approximate model for the
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pumping capacity due to the pressure difference seen in Figure 5-1. The conductance
of an aperture is known, so the pumping speed due to a pressure difference can be
calculated from Equation (1.2). The leaks can be known by being subtracted to the
estimated pump capacity and equaling it to the expected background pressure seen
in Figure 5-1.
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Figure 5-2: Comparison of model with experiments.
The model can also be used to estimate any pumping done by any pressure differ-
ence. The pumping capacity of MiniVAC is unknown so it is assumed that the volume
connected to the roughing system has an infinite conductance. This assumption is
not correct and the effect of it is added as a leak (the gas that does not actually es-
capes returns to the volume). This serves as a first order approximation, as the added
leak will depend on the pressure in the volume connected to the roughing system.
Figure 5-2 shows that the model approaches reality with only a small error.
This approximation can estimate the pressure variations in the volumes by the
pumping effect of a pressure difference. Any deviation from the model would then
imply an added effect. A pressure increase relative to the estimated pressure using
the model would indicate a new leak or new gas source. A pressure decrease would
indicate a pumping effect. The model is not proven to be able to calculate with
precision the amount of pumping capacity, as the assumption of infinite conductance
could affect it greatly.
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5.1.1 Working Liquids Performance
The performance of the working liquids can be estimated with the analysis described
in Chapter 3. In order to obtain this. first the flow rate Q is computed simply from a
poiseuille flow through a pipe with a diameter determined by the capillary in use. For
the properties from Table 4.1 and a pressure difference of latm, the flow rate results
in,
" VPO: 1.6079mm 3 /min
" Formamide: 0.2826mm 3 /min
" Glycerol: 0.0799mm 3 /min
The resulting flow rates are small and hint on being close to the unstable electro-
spray regime values r/ < 1. The non-dimensional flow rate parameter depends also
on the conductivity, so the low flow rate for glycerol could be counteracted by the
higher conductivity it has respect to the other working liquids. In fact, it results that
glycerol is the only one that is in the stable electrospray regime,
* VPO: 0.0103
e Formamide: 0.0965
o Glycerol: 3.3985
With the previous estimations and the data from Table 4.1 it is possible to com-
pute the mean free path, a key parameter identified previously in chapter 3. For all
estimations, assume a 2.9kV potential bias to the emitter. the voltage chosen is for
comparison purposes with the experimentation measurements. The mean free path
variation with the non-dimensional flow rate parameter is plotted in Figure 5-3 for
each one of the selected liquids.
For the calculated non-dimensional flow rate parameter the resulting mean free
path is (seen also in Figure 5-3),
1. Vacuum pump oil: 0.2491 m
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Figure 5-3: Working fluids mean free path.
2. Formamide: 0.0747 m
3. Glycerol: 0.5771 m
The result for the three liquids is not optimum as the mean free path is larger than
the characteristic length of the setup. It can be solved for formamide and vacuum
pump oil simply by incrementing the flow rate to the emitter, which means, putting
a capillary with a larger radius. Also, a faster flow rate will mean that those two
liquids could be in the stable regime. Glycerol would need to be doped with less Nal
to decrease its conductivity.
Although the mean free path is a good indication of the performance of the pump,
the real objective is to know what would be the expected pump capacity, given the
parameters and conditions of the experiment. With Equation (3.18) and the proper-
ties of the liquids, an estimation of the performance for an emitter situated at 3 mm
away from the collector plate is,
1. Vacuum pump oil (VPO): 4.3295x10-9m 3/S
2. Formamide: 1.0461x10-8m3 /
3. Glycerol: 9.1440x10-8m 3 /S
The pumping speed is low as expected. Glycerol result is close to the estimation
done in Chapter 3 and has the best performance compared to the other selected
liquids. The result is mostly due to glycerol's non-dimensional flow rate parameter
for the given conditions. It is expected that if formamide and the vacuum pump oil
were operating in higher r7 the performance would be better than glycerol.
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Figure 5-4: Typical pressure profiles for unstable electrospray.
The non-dimensional flow rate parameter also indicates an unstable electrospray
which does not work for the diffusion vacuum pump concept. The time lapse that
occurs between the electrospray going on and off due to an unstable Taylor Cone will
be analogous to a turned off pump. Experimental observations show an instanta-
neous pressure increase when the electrospray is turned on, likely due to an induced
electromagnetic force. Unstable electrospray is repeatedly turning on and off, which
is reflected as noise as seen in Figure 5-4.
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Figure 5-5: Glycerol pressure profile in unstable regime.
It is interesting that in some experiments with unstable glycerol, although there
was a pressure rise in both gauges, it was possible to observe a pressure difference
decrease between gauge 1 and 2. The characteristic noise due to unstable electrospray
is also seen.
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Figure 5-6: Pressure difference of previous figure results.
A detailed analysis of the pressure difference between gauge 1 and 2 shows that
immediately after electrospray begins there is a pressure difference rise. Minutes later
the difference begins to decrease, but to a, rate lower than what would be expected by
the pressure difference alone (see self pumping slope on Figure 5-6). Approximately
an hour later the pressure difference rate changes and pumping becomes faster.
5.2 Pumping Results
5.2.1 Hollow Needle Emitter
Results for the non-dimensional flow rate parameter show that vacuum pump oil
and formamide are not in the unstable regime, which is confirmed in a series of
experiments, where both liquids are unable to be successfully electrosprayed. One
simple way to correct the problem is increasing the conductivity of the liquids by
doping them with a salt, e.i. Nal for formamide.
Vacuum pump oil is doped with ionic liquid, which essentially is a molten salt.
This could potentially have increased conductivity, but the liquids were found non-
miscible. The amount of time it takes for the ionic liquid to precipitate is a few orders
of magnitude faster than the time the fixture takes to go into a rough vacuum. By
the time the fixture is ready, the vacuum pump oil is completely separated from the
ionic liquid. In this case, the best way to solve this problem would be setting the flow
rate to the right value and not depend of conductivity.
Formamide's high vapor pressure is found to be an additional problem to the ex-
istent instability issue. The slow pumping speed of the fixture is unable to counteract
the gas source of evaporating formamide which resulted in the pressure in the fixture
increasing rapidly and shutting both gauges for overpressure protection whenever an
electrospray attempt was done. This effect makes formamide unattractive for further
experiments using the described setup.
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Figure 5-7: Pressure Profiles for Glycerol at 160 nA.
Experimentally, glycerol doped with NaI can be electrosprayed stably as predicted
before in the calculations. The general result for an electrospray source of doped
glycerol at 2.9kV shows a pressure increase in the fixture. The pressure steadily
increases up until 10-3 Torr. Experiments that involved pressures above this value
are not reported as gauges turned off for overpressure protection.
A representative result had 160nA of emitted electrospray current. Pressure in-
crease passed 10-3 Torr and the gauges were turned off, but an interesting effect was
observed. Although the pressure increased, the pressure difference decreased between
the volume where the roughing pump is connected is (Gauge 2) and the volume where
the electrospray is located (Gauge 2). The pressure difference decreased steadily to
zero, meaning that at a point, both volumes had the same pressure. This effect con-
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Figure 5-8: Pressure difference Gauge 1 - Gauge 2 for Glycerol at 160 nA.
tinued and it was observed that steadily for minutes the pressure in the volume where
the electrospray setup is was lower than the pressure where the roughing system is.
This is displayed as a positive difference in Figure 5-8.
Naturally the pressure in the volume where the rough vacuum system is connected
should be lower. This indicates that there is a mechanism, likely the electrospray
emitter, keeping the pressure lower in the volume where the electrospray emitter is
located. The pressure increase, is counter-intuitive to suggest a pumping effect, as
one would expect the contrary: a pressure decrease.
It is hypothesized that the pressure increase in the setup is due to the outgassing
of glycerol deposited downstream in the volume connected to the roughing system.
As shown in Table 4.1 the vapor pressure of glycerol is around 10- Torr. This is
also the pressure at which the setup tends to stabilize. It is not possible to confirm
this as the gauges turned off automatically for overpressure protection around these
pressure measurements.
With the acquired data, it is possible to estimate the experimental pumping speed
of the device. Equation (1.3) can be used to calculate the pumping speed given pres-
sure changes on time and the volume of the fixture. It is important to note that the
calculation will not be conventional as the experiment is not a proper way (explained
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Figure 5-9: Estimated pumping speed at 160 nA.
in Chapter 1) to measure pumping speeds, it is only meant to be an estimation. The
term dP1/dt is dropped as the roughing system is always on, guarantying a constant
base pressure (no leaks) and dP2 /dt is calculated from the measured pressure differ-
ences. The difference P2 - Pi is calculated as the total pressure difference decrease
and V is estimated by direct measurement. The result is as seen on Figure 5-9 that
the estimated pumping speed calculated previously is in the order of magnitude of
the experimental pumping speed. This result is not to be taken as proof of a pumping
effect, but rather as motivation for further research on the subject.
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Figure 5-10: Pumping results for Glycerol at 120 nA.
A second representative experiment was done with an emitted current of 120nA.
The amount of emitted current can be related to the flow rate of working liquid to
the electrosprayed beam as seen on Equation (2.7). The relation can be physically
interpreted as the charge movement caused by the flow of constant charge to mass
ratio droplets. Then a lower current indicates a lower flow rate of electrosprayed
particles, which should mean a lower pumping speed.
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Figure 5-11: Pressure difference Gauge 1 - Gauge 2 for Glycerol at 120 nA.
Generally speaking, the result is similar to the previous one. Pressure increases in
both volumes (see Figure 5-10), but the pressure difference is decreasing (see Figure 5-
11). Both the measurements have the same behavior but at notable slower rate. It is
noticed that the experiment being at a slower rate, allows a more clear observation
of the behavior. The pressure difference rate. related to the pumping speed, does not
have sudden changes and remains fairly constant. The amount of time taken for the
process to be completed (when the gauges are turned off for overpressure protection)
indicates that the mechanism acting is robust as it does not change after minutes of
operation. There is no clear indication that it would stop beyond the gauges being
turned off.
Similarly to the calculations done for the first experiment, the pumping speed is
also estimated in Figure 5-12. As noted before, the lack of sudden changes is observed.
The mean pumping speed is closer to the previously estimated and lower than the
previous experiment.
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Figure 5-12: Calculated pumping speed at 120 nA.
It could be argued that results are due to gauge gain or gauge calibration. These
hypotheses can be eliminated out by looking at the pressure profiles when there is
no electrospray acting. If it were gauge calibration, the measurements should show
similar tendencies when the electrospray is not acting or when pressure is decreasing
from atmosphere to rough vacuum. In summary, the anomaly in the rate at which
pressure changes should present in any case. Figure 5-13 shows an example of pressure
decreasing rate when no electrospray is activated.
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Figure 5-13: Pressure measurements after turning electrospray source off.
It is clear that pressure difference remains practically the same. If the pumping
effect was due to the gauges not being properly calibrated, the pressure difference
should have a similar variation as the one seen when the electrospray was on (see
Figure 5-11).
5.2.2 ILIS Emitter
To further complement the experiments, an Ionic Liquid Ion Source (ILIS) was tested.
Theory says that ILIS is not suitable for a vacuum pump application, as the ion size
(molecular scale) is too small and its speed is too high, meaning that the mean free
paths will be large. For ion emission, flow rate is also typically small. In summary,
it could have a pumping effect, but it is expected to be very low.
IUS Difuss on Pump
1 DOE-003
LSON
-Gauge 1
EI DDE-00 A:3 -Gauge 2
-D iffrence
LISOFF
1 DOE-005
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time [s]
Figure 5-14: ILIS Test results using EMI-BF4 as ionic liquid.
Note that there is a small increase in the pressure when the ILIS is on. This could
be due to material ablation when ions hit the structure wall, and more likely to ion
neutralization and generation of volatiles. The pressure difference drops, but appar-
ently follows the same profile as it has when ILIS is off. There is no clear evidence of
any mechanism acting besides the natural tendency to equilibrate pressures. Further
investigation can be performed for a different setup, where a pressure variation in the
order of what is expected for ILIS can be measured.
Chapter 6
Micromolding of Emitters
Micromolding is a manufacturing process that consists in using injection molding
techniques to produce micron sized parts or parts with micron sized features. The
challenges of working in the microscale range are specially encountered in the cavity
fabrication of the mold. Machining, Microscale tolerances, surface finishing, and fine
details are more important than in conventional injection molding procedures[11].
Micro-powder injection molding (pPIM) is a micromolding process to form a shape
or pattern from powder. The process can be done using plastic, metallic or ceramic
powders[11]. The final shape of the part will be the negative of the mold's image,
which means that any shape can be molded, provided that you can fabricate the
required mold and material can flow into the mold's cavities. Similarly to injection
molding, the process utilizes high pressure to mold a material into the desired shape.
The amount of pressure needed will depend on the rheological characteristics of the
material and the mold's geometry.
6.1 Process Description
Injection molding has four main stages[11] which are, (1) Plastification, (2) Injection,
(3) Packing and (4) Cooling. Powder injection molding (PIM) is similar, having as a
main difference the addition of 3 processes. The first process is the preparation of a
feedstock (plastic like carrier of the powder of interest), then the 4 stages of typical
injection molding, then the debinding of the feedstock and finally the sintering of
the powder. Micro-powder injection molding (a variant of PIM for micron scales
applications) has been proven to be a successful method in the fabrication of micron
sized patterns[9] on metallic surfaces.
An alternative to pPIM is micro-powder compression molding, which works for
molds inserts structures that have a constant height through the whole mold insert [21].
The objective on implementing this technology is the fabrication of electrospray emit-
ters, which can be simply described as an array of micron sized tips, all of the same
height. This then allows us to use the alternative as the expected mold has the
described characteristics. Micro-powder compression molding has four stages, (1)
feedstock preparation, (2) compression molding, (3) debinding and (4) sintering.
6.1.1 Feedstock
A powder injection molding feedstock is a mixture of a binder and solid particles.
Typically the binder is a thermoplastic and the particles are metallic or ceramic. For
the fabrication of electrospray emitters, metallic particles are more convenient as the
resulting part will be essentially metal, and so a conductor. The design of a feedstock
will depend not only on the final part composition but also on the debinding process
and the sintering process.
The feedstock is created in a mixer where the metallic particles and the binder
are combined. Quality of the ending feedstock will depend on the mixing process. If
it is done poorly, a non-homogeneous mix can result, clusters of particles separated
by clusters of binder.
For microscale applications, the feedstock has to have an additional property, than
in conventional processes would not matter, the powder particle size. The particle
size in commercial powders is not constant and vendors will advertise a mean value.
To prevent clogging by metallic particles, the mean particle diameter needs to be at
least an order of magnitude below the smallest feature in the mold.
6.1.2 Compression Molding
At this stage, pressure is applied to mold the feedstock into the desired shape. The
resulting part is known as the green part. for the particular case of powder compres-
sion molding, the pressure is applied directly to the material, and so, the material
flows directly into the cavities. The feedstock has to travel a shorter length compared
to injection molding processes[21].
As molten feedstock has to travel shorter distances, the required pressure to mold
is lower than what would be required in injection molding. This the main reason why
this specific method was chosen.
The implication of the differences betwcei injection molding and compressioii
molding impact the production rate of multiple parts[21]. The objective of this work
is not to produce multiple parts or to optimize the production rate so this implication
is ignored.
Material Flow In Mold
Compression molding uses molds at the feedstock's melting temperature[21] as the
process lacks a way to heat and plastify the feedstock that injection molding processes
have. The material flow into the cavities of the mold can then be assumed as liquid
at all times, meaning that there will not be frozen zones in the cavity walls.
The molten feedstock will flow as a non-newtonian fluid, meaning that the viscosity
of the material will not remain constant for any shear rate. One way to model a non-
newtonian fluid is using a power law model for the viscosity. With this, it is possible
to estimate the pressure drop that will occur through a cavity of a defined size.
For a power law model of the viscosity, Stevenson[26] developed an expression
that calculates the pressure needed to inject from a center port into a disk of radius
R and thickness h. It is clear that this is not the same case as in powder compression
molding, as this calculation assumes injection through a port. It is not intended to
be an exact calculation, but merely an estimation of the order of magnitude of the
needed pressures for molding. Development of injection or compression machines is
out of the scope of this thesis.
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To adapt this for powder compression molding application, it is assumed that the
material flowing from the port to the edge of the disk will be the same as the material
flowing into a cavity. Then, R will be defined as the depth of the cavity, and h as the
width of the cavity.
6.1.3 Debinding
Debinding is the removal of the binder that is in the molded feedstock. There are 3
methods to perform this process[16], (1) solvent debinding, (2) thermal debinding and
(3) catalytic debinding. The method to be chosen depends on the binder system used.
Solvent debinding is the only one of the three that does not require thermal treatment.
The importance of debinding for micro-compression molding lies on determining if
micron sized features will remain after debinding the green part.
6.1.4 Sintering
Sintering is the consolidation of the green part into a porous or solid material through
thermal energy[14]. There are several types of sintering, from which only solid state
sintering is of interest for this work. Solid state sintering means that the process is
done with the powder in a solid phase.
The driving force of sintering is the reduction of the total interfacial energy. In
solid state sintering, that would mean replacing the solid-vapor interfaces with solid-
solid interfaces. The reduction of interfacial energy occurs basically through two
phenomena, densification and grain growth.
Solid state sintering is usually described through three stages. In the initial stage,
particles in contact grow a neck in between. The second stage is characterized by
considerable densification and isolation of pores. The final stage is from the isolate
pores to a fully consolidated part. The controlling of the stages is the most important
part for the fabrication of electrospray emitters. With the adequate control, the
results can vary from porous materials to completely solid.
6.2 Tool Development for Compression Molding
A device for powder compression molding was developed to manufacture micron sized
array of metallic tips. The main objective is to have a machine available for exper-
imentation on injection variables modification (pressure and temperature) avoiding
the cost of acquiring a commercial injector or compressor.
The design of the device was developed to have a close performance compared
to commercial injector machines. The main parameters involved in the construction
of such machine are the injection pressure and the mold temperature. To have an
idea of the orders of magnitude, normal injection pressure for an injection molding
machine range from 40 to 180 MPa and operating temperature for common plastics
used in injection molding range from 130 to 400'C[13]. The main difference in the
design with respect to commercial injectors is the lack of an automated and simple
method in putting and removing the mold with the feedstock. The implication of
this design decision is that molded part rate of production is very low, but for the
intended research objectives that is not a problem.
Pressure and temperature depend on the rheology and thermal characteristics of
the molded feedstock. For the experiments performed on this thesis, a commercial
feedstock for powder compression molding was acquired. Additional experiments on
mixing and debinding were done with a mixture of zinc powder and paraffin wax, but
it was not investigated for molding purposes. The chosen commercial feedstock was
Catamold 316L®, which is composed of a polyacetal binder and 316L stainless steel
particles of ~ 10pm.
The preliminary idea comes from analyzing that the device would need to be
able to exert a considerable amount of pressure, as previously seen on the typical
parameter magnitude. To do it, hydraulic forces are considered as a solution. A
pump will deliver high pressure to a vessel containing a piston. The piston will move
then by the pressure applied to one side until it reaches the feedstock and the mold.
This will exert a pressure to the feedstock equal to the amount of pressure in the
hydraulic vessel (provided the piston is of constant area).
6.2.1 Pressure Analysis
The commercial feedstock had no available information on its rheological character-
istics. Characterization of the feedstock is out of the scope of this research, so to
estimate the amount of pressure needed to successfully mold it, data from literature
review was used. Figure 6-1 shows data points (approximately) from work performed
by C. Gornik[10] which relates shear rate to viscosity of the material for a temperature
of 190C.
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Figure 6-1: Rheological fit for Catamold 316L@.
The observed behavior in the data is that of a non-newtonian fluid, specifically of
a pseudoplastic, which means that the material viscosity will be lower as the shear
rate is increased. One way to model pseudoplastic flow is using a power law model. It
means relating one variable to the power of another. For a pseudoplastic, the viscosity
. ............ ........... .. 
can be related to the shear rate as,
?If (, T) = (Ae-aT) n- 1, (6.2)
where rl is the material's viscosity, the shear rate, (Ae--aT) is a constant for a
specific temperature T and n is the exponent that depends on the specific character-
istics of the used material. In order to obtain this parameters, a logarithmic curve
was fitted to the points to get a relationship of the type r/f C "-. From it, the
values of C and n can be extracted, resulting in:
" C (Ae -aT) = 6599PaS
" n 0.5561
The model obtained should be a close approximation to the rheological charac-
teristics of the commercial feedstock, provided that the data points are also close
to reality. For a more precise calculation, experimentation and characterization of
the feedstock should be done. For the design of the compression molding tool, this
approximation suffices.
Other parameters needed to calculate the required pressure are the cavity size
(deep length and width) and the desired time to fill the cavity. Equation (6.1) can
be used to approximate the amount of pressure needed for a power law fluid to fill a
cavity of a determined size.
With this data and Equation (6.1) for a tfill = 2s for approximately 500 cavities
of 150pum width and 400pm deep, the resulting required pressure is approximately
14000 psi. This amount is greater than typical economical hydraulic pumps, which
will normally be found up to 10000 psi. To be able to get to this molding pressures,
the piston that compresses on the feedstock is then designed with an area reduction
from where the hydraulic fluid arrives from the pump to the place where the feedstock
is located. Final ratio increases pressure from 10000 psi to 14500 psi in the molding
area. This means that the fabricated tool would need to withhold up to 10000 psi in
a hydraulic vessel and up to 14500 psi on the piece that will hold the mold.
The Piston
The piston is designed to withhold pressures up to 14500 psi. The primary function
of this part in the device is to press the feedstock into the mold. As previously
discussed, to achieve 14000 psi, a reduction of areas needs to be manufactured into
the piston. The molding area (the area in contact with the feedstock) is set to have
1.5cm in radius. This size was chosen as the intended applications are square molds
of 1cm by 1cm placed in the middle. After this is set, The pumping area (the area
in contact with the hydraulic fluid) can be calculated from a simple force balance.
The resulting radius is 21.5cm. Figure 6-2 shows the final Computer Assisted Design
(CAD) drawing of the piston, as well as a picture of the manufactured piston inside
the pressure vessel.
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Figure 6-2: (a) CAD drawing of piston, (b) Picture of piston in assembly.
The Vessel
Ten thousand psi of contained pressure in a vessel is considered to be high. Safety
issues arise on dealing with this pressures, so the design of the machine needs to be
done carefully. The first thing to look at is what material would be able to contain
that pressure safely without the need of doing a large vessel with thick walls. The
material chosen for the manufacturing of the tool is 17-4 Ph stainless steel as it has
a high yield stress of Uyield = 1000MPa = 145kpsi. This is the final amount of stress
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that the material would be able to handle before having plastic deformations and
likely failure.
The different stresses that will be acting on a cylindrical container with high
pressure hydraulic oil can be calculated from Lame's equation for thick walled vessels.
Considering that there is only pressure acting on the inside of the vessel,
-P i( r 02 + r2 )
ao0 = i
Ur=-Pi PT 2i
07, = Pi ao = 2 2 ,
r0 -i
2Pir2 Pir2
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with ri being the internal radius, ro the external radius, P the internal pressure,
ao the circumferential direction stress or hoop stress, u2 the axial direction stress and
a, the radial direction stress. A schematic of these parameters is seen in Figure 6-3
_> a,
Figure 6-3: Parameters and stresses on
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thick walled cylinders.
The inner radius is set by the piston size, and is equal to 2.15cm. For the indi-
cated yield stress of the material to be used to manufacture the device, the resulting
minimum wall thickness is approximately 1cm with a safety factor of 5. Other con-
siderations, for example, the gasket that will seal the joints between the vessel and
other parts of the device, require a wider wall. The final wall thickness is then set as
1.9cm which is considered safe for working at 10000 psi.
(6.3)
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6.2.2 Temperature Analysis
The molding process requires the feedstock to be molten so it can flow into the desired
cavities. The viscosity on thermoplastics will typically depend on the temperature,
decreasing as the temperature is increased. It could be concluded then that the best
performance would be achieved just by increasing indefinitely the temperature but
there are some constraints that limit this. The most important limiting factor is the
degradation temperature of the plastic, in the case of powder injection molding, the
feedstock's binder.
Specifications of the material indicate that temperatures above 200'C should be
avoided, suggesting it is the degrading temperature for the binder system of the
feedstock. This temperature is then the upper limit for the mold. The lower limit is
the temperature at which the binder melts, this is 1600C (according to the material's
specifications).
Apart from the feedstock limitations, the hydraulic oil and the o-rings have also
degradation temperatures. The hydraulic oil supplied with the high pressure pump
has a degradation temperature of 1000C. This means that the walls of the vessel
where the oil is located should not reach that temperature. Chosen o-rings are made
of Viton@fluoroelastomer that can handle up to 2000C which is the same limit as
the feedstock.
The device is designed to be heated by two means, (1) by a hot plate and (2)
using an external 1kW heater. The hot plate is simply put in contact with the base
of the machine and turned on. The external heater is wrapped around the lower
section of the pressure vessel. An analysis of how the heat flows from the sources
into the machine is done using MATLAB@pdetool. Figure 6-4 shows a result of the
temperature profile due to heat flowing from the external heater.
It is observed from the simulation that for 10 minutes of operating the external
heater, the temperature near the wall is approximately 2300C. This is above the limit,
but it is expected it will dissipate into the rest of the machine. The mold temperature
is close to 160'C, which at least will guarantee molding conditions. The rest of the
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Figure 6-4: Simulation of temperature profile.
device is relatively cool, the oil containing vessel is almost at room temperature. It is
then concluded that 10 minutes will guarantee molding conditions, without risks to
the components of the molding device.
6.2.3 Vacuum Capabilities
The objective in compression molding is to have material flow into the cavities of
the mold. Any blockage in the path of the material while flowing into the cavity will
generate a defect. The blockage can be anything, from the same material being frozen
to air. To remove the possibility of having air bubbles blocking a cavity, the device
was designed vacuum capable. Additionally, vacuum can assure that the increase in
temperature will not oxidize the metallic particles contained in the feedstock.
The lower part of the vessel was adapted with an inlet for a vacuum pump. The
inlet is a 3/8 inch that can be adapted to vacuum flanges like ConFlat or KwikFlange.
Although the port existed, at the time of this thesis, no experiment was performed
using this option.
6.2.4 Assembly
The powder compression molding machine can be described as composed by four
parts, (1) the pressure vessel, (2) the Piston, (3) the cap that connects to the high
pressure pump and (4) the base that holds the mold. The pressure vessel and the
piston are as described before. The base and the cap are essentially the same part,
but one is adapted to hold the mold and the other has an NPT connection for to the
pump.
Figure 6-5: CAD drawing of cap part.
The cap has an external diameter of 8.5cm which is the same external diameter of
the complete device. It has 8 holes evenly distributed to house 8 screws that will hold
the piece in place. The cap is tightened against the vessel to seal the volume where
the hydraulic fluid will sit. Between the cap and the vessel there is a gasket (capable
of withstanding more than 10000 psi and more than 400'C) to assure there are no
leaks in the volume. On the middle of the cap there is a 3/8 inch NPT connection
where the pump is connected. A CAD drawing of this part can be seen in Figure 6-5.
The base is similar to the cap but lacks the NPT connection. It is tightened
the lower part of the vessel and also has a gasket made up of the same material.
Instead of having a connection, it has a polished area where the mold sits. Polishing
the area has the purpose of removing imperfections that could break the mold when
high pressures are applied. A CAD drawing and a picture of the base are shown in
Figure 6-6.
The device assembled can be seen in Figure 6-7. It is very simple in design, but it is
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Figure 6-6: (a) CAD drawing of base part, (b) Picture of base with gasket.
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Figure 6-7: (a) Section view of the assembled powder compression device, (b) Assem-
bly picture.
difficult to operate. For instance, to put the cap on, the screws need to be tightened,
and to release, the screws need to be un-tightened. The device has no surface to
hold to produce the necessary torque on the screws. For this reason, a fixture was
developed that holds the compression molding machine in a defined position. The
screws that hold the base are easy to access, and the table-like construction of the
fixture, allows to put the needed torque on them.
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Chapter 7
Fabrication of emitter arrays
7.1 Mixing Characteristics
7.1.1 Feedstock
Commercial Feedstock
A microscopic view of the acquired commercial feedstock is shown in Figure 7-1. The
polyacetal binder is shown as a dark grey substance and the metallic particles as
light gray spheres. It is observed that the particle size is on the expected order of
magnitude, with the largest being of approximately 15pm. This feedstock would then
work on molds with features in the order of hundreds of microns.
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Figure 7-1: Microscope picture of Catamold 316L@feedstock.
The colors in the microscopic view are dependant on the conductivity of the
. ..... .... --- --------- ---------------- . ...... ..............  ........ .. ....... . .... ..  
material, showing in lighter colors the materials with higher conductivities. This is
a practical way to characterize any molded part, as binder can be easily identified
from the metallic particles. It is also a method to estimate the binder removal after
the debinding process, although it would not be able to see binder that could be left
inside the part.
Zinc Powder and Paraffin Wax
For mixing and debinding investigation, a zinc powder with a mean diameter of 5pmrn
with paraffin wax binder feedstock is manufactured. These particular materials are
chosen as they are relatively simple to handle. Paraffin wax melts at 60'C and zinc
melts at 400'C so a mixture can be safely done around 120'C, temperature that
would not require any special equipment or safety gear. Also, for future work, zinc
powder could be sintered easily due to its low melting temperature.
The mixture is done on a hotplate, inside a glass beaker with a metallic spoon
used as a stirrer. The process is simple, first paraffin is added to the beaker and is
let to melt. After melting, zinc powder is added until it the mixture is saturated and
excess zinc is disposed. It is mixed for 10 minutes to ensure a homogeneous mix.
Two mixes were done using this methodology, (1) at 120'C and (2) at 220'C. The
resulting mix cannot be characterized using the scan electron microscope as paraffin
could damage it.
7.2 Compression Molding
7.2.1 The mold
The compression molding stage is when the manufactured or acquired feedstock is
molded into the green part. The process involves the application of temperature to
melt the feedstock, and then pressure to mold the material into the desired shape
or pattern. The pattern of the molded part will depend on the used mold, which
provided the correct technique can be almost any.
Three different molds were used, one fabricated on nickel and two on silicon. The
nickel has a microfabricated pattern but with low aspect ratio cavities. Aspect ratio
is the relation between the deep and the width of the cavity. High aspect ratio
means deep and slim cavities while low aspect ratio means wide and shallow cavities.
Naturally it requires a higher applied pressure to mold high aspect ratio shapes as
the inlet area where the molten feedstock will flow is snaller and it iieeds to travel
further as the cavity is deeper. For high aspect ratio tests, there are two types of
molds microfabricated using Deep Reactive Ion Etching (DRIE) for the experiment.
The molds are basically arrays of quasi-cylindrical cavities of 400pm in depth on
a silicon wafer. One mold has cavities of 15 0 tm in diameter, while the other has
cavities of 300.rn.
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Figure 7-2: Mold with cavities of 150ptm of diameter.
7.2.2 Molding Process
The molding stage starts when the feedstock pellets are placed on top of the mold.
After doing it, the base of the tool, containing the feedstock and the mold, is closed
with eight reinforced screws acting as the clamping force on a conventional injection
machine (calculated to withhold the applied pressure). The heat is then turned on
to melt the feedstock sitting on top of the mold.
The first tests were performed by heating the base part with a hot plate at 260 C
and final designs used a heater permanently attached to the device. For the later
experiments, the process continues by turning on the heater for 10 minutes, in order
to get the desired 190 C on the mold as calculated previously. Then the heater is
turned off to prevent overheating of the device, and decomposition of the o-rings
and hydraulic oil. Once the heater is turned off pressure is applied through the high
pressure pump.
Applied pressure refers to the amount of pressure delivered from the pump. The
area ratio of the piston's top surface and bottom surface increases the pressure in the
molding volume (where the feedstock and mold are) roughly by 1.5. The experiments
performed in the molding stage used applied pressures in the order of thousands of
psi. Representative results were obtained with applied pressures higher than 5000
psi.
7.2.3 Molding Results
The first set of experiments were done setting the variables to the worst case scenario,
namely, room temperature at the mold. The feedstock is then not melt and molding
is done by the applied pressure. There was no mold for these experiments so the final
part is a flat disk. The results are not optimal. It can be observed in Figure 7-3 that
the boundaries between molded pellets are not fully consolidated into one material.
It is encouraging though, that with no temperature aiding in the process, the device
can mold to some extent the feedstock and molded into a flat part.
MIT0555 200105Q4 18:19 x100 1 mm
Figure 7-3: Feedstock pellets still have visible boundaries at 9000 psi of applied
pressure.
Heating the device to the melting temperature of the feedstock is added to the
next set of experiments. This set still has no mold, so the final part is a flat disk.
The objective of this set is to prove that with a melting temperature in the mold and
applied pressure, the device can mold. Also the molded disk can be characterized
and used in further debinding and sintering experiments. As seen in Figure 7-4,
the feedstock is now molded into a consolidated material, with no clear boundaries
between the original pellets.
MIT1010 2010/07/21 16:52 x2.Ok 30 um MIT1029 2010/07/22 15:18 x2.Ok 30 um
(a) (b)
Figure 7-4: Molding results after heating the base at 2600C Celsius for: (a) 7000 psi,
(b) 8000 psi.
It is also observed that the high pressure in the molding volume is able to deform
the metallic particles contained in the feedstock. The deformation effect is not in-
tended as it closes the gap between the metallic particles and may cause problems
when debinding as the binder could be unable to exit the molded volume and in
sintering as the porosity of the final piece will not be uniform. It is expected though,
that for pattern molding, the pressure drop in the cavities will be such that this effect
will not be seen.
After the device is proven able to consolidate the material into an homogeneous
part, it is important to see if it is able to mold micron sized patterns, which is the
final goal of the machine. For the first set of tests on molding patterns, the nickel
mold was used. The temperature was set using a hot plate at 260'C in contact with
the base that holds the mold. Molding is successful even for applied pressures as low
as 6000 psi. The molded part is homogeneous and recreates the micron sized pattern
as seen on Figure 7-5.
MIT0920 2010/07/14 19:57 x400 200 um MIT1008 2010/07/21 16:39 x300 300 um
(a) (b)
Figure 7-5: Pattern molding: (a) at 8000 psi, (b) at 6000 psi.
The previous results show a micron sized pattern being successfully molded for
low aspect ratio shapes. After molding, in order to obtain the green part, the mold
needs to be separated, action that is known as demolding. The designed tool has no
ejector pins, nor anything alike, so manually the mold has to be removed. This has
proven to be difficult for the experiments performed. During the last test of the nickel
mold, demolding was unsuccessful as the mold bent, tearing apart the molded green
part. To some extent, this encouraged the utilization of silicon molds, as silicon can
be dissolved away.
For the high aspect ratio series of experiments, the silicon microfabricated molds
are used. There are two representative results for this test series. The first, which
was done using a 300pum silicon mold, was successful in molding as it can be seen in
Figure 7-6. Despite this, demolding demonstrated to be a problem as with the nickel
mold. All experiments performed on silicon molds were unable to be demolded using
any mechanical traction, i.e. pulling the mold out.
First demolding tests ended up by destroying the mold and the green part, which
suggested a demolding process had to be planned. To solve the problem, the green
part with the mold attached to it was submerged into a solution of 2 Normal KaOH.
After left overnight, the mold was dissolved enough that the remaining pieces could
MIT1074 2010/08/10 21:36 x250 300 um MIT1069 2010/08/10 21:21 x80 1 mm
(a) (b)
Figure 7-6: Molding result for a mold with cavities of 300pm.
be pulled out. The KaOH solution did not have an evident effect on the molded
green part. Catamold 316L@is engineered to be debinded with an acid solution,
which hints on why a basic solution did not have an effect on it, although this was
not investigated.
A second result can be seen in Figure 7-7, done with a 300pm silicon mold. This is
the highest aspect ratio tested using the designed powder compression molding tool.
It also suffered the same problem as the previous experiment with the demolding
process and a KaOH solution was also used to dissolve the mold. This method,
although proven successful for the demolding process, destroys the mold, making
each of the molds manufactured only for one time use.
MIT1077 2010/08/13 00:24 x100 1 mm MIT1086 2010/08/13 00:46 x250 300 um
(a) (b)
Figure 7-7: Molding result for a mold with cavities of 150 1 rm.
7.3 Debinding
Commercial Feedstock
The commercial feedstock Catamold 316L@has an engineered process for successful
debinding of the green part. It uses catalytic debinding with nitric acid in an oven
at 110 C. The equipment necessary to perform this process was unavailable at the
moment when the research was done. Instead, two experiments were performed trying
to burn the binder away.
As commented in Chapter 6, the degradation temperature of the feedstock's binder
is suggested to be near 200'C, although this was not proven nor investigated. This
set up the temperature parameter for the debinding process. An experiment at 200'C
and another at 2500C were performed using a hot plate. The time the green part
remained on the hot plate was 3 hours.
MIT0660 2010/06102 20:24 x2.5k 30 um MIT0662 2010/06/07 23:15 x2.Ok 30 um
(a) (b)
Figure 7-8: Debinding results after 3 hours in hot plate: (a) at 200'C, (b) at 250 0C.
The results of the debinding experiments shown in Figure 7-8 are apparently
successful. The microscopic pictures taken on an SEM microscope, show no binder
is left on the surface. Macroscopically, the debound green part only changed in color
tone, from a darker grey to a lighter gray. Further investigation should be carried
out to determine if the binder is present or not inside the debound green part. Also
it was not determined if any oxidation happened to the metallic particles from this
process.
Zinc Powder and Paraffin Wax
The tested feedstock for debinding was an irregular piece of material, product of
solidification of it on a glass slide after manufacturing. Paraffin wax was removed
from the feedstock after heating it for 14 hours at 4000C. The result can be seen in
Figure 7-9.
MIT2160 2011/03/09 14:11 L x4.Ok 20 um
Figure 7-9: Debinding results after 14 hours in hot plate at 400'C.
In the debinding of this feedstock, it was observed that paraffin was removed too
fast. Small features inherent in the solidification of the material after manufacturing
were lost during debinding. This is likely due to paraffin being removed before the
metallic particles were bound together. This is discouraging as it would mean paraffin
is not a good candidate for micromolding. A solution would be to add another
thermoplastic, one with a higher melting point, to the binder system. This would
allow the debinding of paraffin wax while the other thermoplastic holds the green
part. Paraffin debinding would create pores as it exits the volume, creating a path
for the other plastic to escape the volume when debound. Then in a second stage, once
the metallic particles are bond together, the second thermoplastic could be removed
at higher temperature.
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Chapter 8
Conclusions and Future Work
Electrospray emitters look like a promising option in scaling diffusion vacuum pumps.
The theoretical model predicts a good performance, likely to be in the order of modern
pumps, but in a much smaller size. The concept keeps the advantage of long durability
of modern diffusion pumps as it has no movable parts.
The pressure measurements prove that there is an effect caused by the electrospray
source. The pressure difference steady decrease is very interesting and more research
on that effect should be done. The general increment of pressure is undesired and
should be eliminated in order to be able to prove that electrospray emitter work as
pumping devices.
The fixture used was made with commercial parts, which were very large to prove
a small pump concept. It is recommended that more investigation should be done
on smaller volumes, perhaps, an electrospray emitter will have a much more visible
effect on a smaller volume.
Although the results were encouraging, it was not proven that the observed effect is
pumping. The main difficulty for the project was troubleshooting of the electrospray
source. The effort should rely on fabricating an emitter that will work on a stable
mode all the time.
Powder compression molding results are incomplete. Although molding was suc-
cessful, work is needed on debinding and sintering, the final stages of powder com-
pression molding. It is very interesting the possibilities of using sintering to vary the
porosity of the final piece.
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